Introduction
============

As one of the most significant epidemics in the world, human obesity is strongly associated with several diseases such as hypertension, type 2 diabetes mellitus, stroke, coronary artery diseases and certain types of cancer, thus representing a significant risk of morbidity and mortality \[[@b1]\]. During the past decade or so, mouse and human genetic studies together with detailed pharmacological investigations revealed that the leptin-regulated pathway plays a critical role in regulating food intake and energy expenditure. Mutations in seven genes including leptin (*LEP*) \[[@b2]\], leptin receptor (*LEPR*) \[[@b3]\], prohormone convertase 1 (*PC1*) \[[@b4]\], pro-opiomelanocortin (*POMC*) \[[@b5]\], melanocortin-3 receptor (*MC3R*) \[[@b6], [@b7]\], melanocortin-4 receptor (*MC4R*) \[[@b8], [@b9]\] and single-minded homolog 1 (*SIM1*) \[[@b10]\], cause monogenic obesity in human. Of these genes, the MC4R has been identified as a key component in the leptin-regulated pathway \[[@b11]--[@b14]\]. Mutations in the *MC4R* represent the most common monogenic form of human obesity \[[@b15]--[@b17]\], with up to 6% of the early-onset severe obesity caused by *MC4R* mutations in some populations \[[@b15]\].

As a member of the G protein-coupled receptors (GPCRs) superfamily, the MC4R shares the common structure of GPCRs including three extracellular loops, seven transmembrane domains (TMs) and three intracellular loops with its N- and C-termini facing the outside and inside of the cell, respectively. The MC4R couples primarily to the stimulatory G protein; therefore, hormone stimulation activates the adenylyl cyclase to increase the intracellular cAMP level \[[@b18]\]. The endogenous hormones that activate the MC4R are α-melanocyte stimulating hormone (α-MSH) and β-MSH. These hormones together with γ-MSH and ACTH are all derived from POMC through a tissue-specific posttranslational processing \[[@b19]\]. Agouti-related protein (AgRP) serves as the endogenous antagonist to inhibit the MC4R activity.

So far, about 130 mutations in the coding region of the *MC4R* have been identified from populations of various ethnic backgrounds. The mutations include frameshift, inframe deletions, nonsense and missense mutations. Many mutant MC4Rs has been functionally characterized in detail (reviewed in \[[@b17], [@b20]\]). Previously, several groups reported the identification of 10 novel MC4R mutants in obese children or adults of diverse ethnic groups. They are R7C \[[@b21]\] in the N-terminus, C84R \[[@b22]\] in TM2, S127L \[[@b23]\] and S136F \[[@b24]\] in TM3, W174C \[[@b25]\] in TM4, A219V \[[@b26]\] and P230L \[[@b23]\] in IL3, F261S \[[@b27]\] in TM6, I317V \[[@b25]\] and L325F \[[@b26]\] in the C terminal tail ([Fig. 1](#fig01){ref-type="fig"}). The clinical characteristics of the patients carrying these *MC4R* mutations are listed in [Table 1](#tbl1){ref-type="table"}. The functional properties of these mutants were either not investigated or only partially determined. In this study, we set to quantitatively measure both the cell surface and total expression levels of these mutants, and to analyse their functional properties including ligand binding and signalling properties.

![Schematic representation of the 10 hMC4R mutations characterized in this study. The c-myc epitope at the N-terminus is highlighted with dark spheres with white letters. The mutated residues are indicated with gray spheres.](jcmm0013-3268-f1){#fig01}

###### 

Phenotypes of patients carrying the 10 MC4R mutations studied in the current report

  Mutation   Prevalence (%)                          BMI       Age of obesity onset   References
  ---------- --------------------------------------- --------- ---------------------- ------------
  R7C        0.02[\*](#tf1-2){ref-type="table-fn"}   28.5      Unknown                \[[@b21]\]
  C84R       0.35[†](#tf1-3){ref-type="table-fn"}    26.2      13                     \[[@b22]\]
  S127L      0.25[†](#tf1-3){ref-type="table-fn"}    Unknown   Unknown                \[[@b23]\]
  S136F      0.98[†](#tf1-3){ref-type="table-fn"}    33.2      2.3                    \[[@b24]\]
  W174C      0.51[‡](#tf1-4){ref-type="table-fn"}    59.0      8.0                    \[[@b25]\]
  A219V      0.13[‡](#tf1-4){ref-type="table-fn"}    Unknown   Unknown                \[[@b26]\]
  P230L      0.12[†](#tf1-3){ref-type="table-fn"}    Unknown   Unknown                \[[@b23]\]
  F261S      0.39[‡](#tf1-4){ref-type="table-fn"}    36.8      1.0                    \[[@b27]\]
  I317V      0.51[‡](#tf1-4){ref-type="table-fn"}    39.2      10.0                   \[[@b25]\]
  L325F      0.13[‡](#tf1-4){ref-type="table-fn"}    Unknown   Unknown                \[[@b26]\]

BMI, body mass index.

From population-based samples.

From obese children and adolescents.

From obese adults.

Bouvier and colleagues pioneered the field of using small molecule antagonists as pharmacological chaperones for GPCRs \[[@b28]\]. These molecules act as folding templates, assisting the mutants to fold into conformations that allow their exit from the endoplasmic reticulum. Since then, pharmacological chaperones have been identified for naturally occurring mutations in rhodopsin and gonadotropin-releasing hormone receptor (GnRHR) \[[@b29]--[@b32]\] and wild-type (WT) or laboratory-generated mutants in several other GPCRs \[[@b33]--[@b39]\]. The rescuing effect does not depend on specific chemical structure. For example, three different classes of chemicals, including indoles, quinolines and erythromycin macrolides, can rescue almost all the naturally occurring GnRHR mutations that cause hypogonadotropic hypogonadism \[[@b32]\]. Recently, it has been shown that treatment of patients with nephrogenic diabetes insipidus harbouring transport-defective V2 vasopressin receptor mutations with the non-peptide antagonist SR49059 decreased urine volume and water intake \[[@b40]\], proving the clinical utility of pharmacological chaperones. Because the majority of the naturally occurring MC4R mutants are retained intracellularly, we tested the potential chaperone activity of a small molecule MC4R antagonist, ML00253764. This compound, \[2-{2-\[2-(5-bromo-2-methoxyphenyl)-ethyl\]-3-fluorophenyl}-4,5-dihydro-1H-imidazolium hydrochloride\], originally discovered by Vos and colleagues \[[@b41]\], was shown to be a MC4R inverse agonist \[[@b42]\].

Materials and methods
=====================

Cells, plasmids and peptides
----------------------------

Human embryonic kidney (HEK) 293 and 293T cells (American Type Culture Collection, Manassas, VA, USA) were incubated at 5% CO~2~ in Dulbecco's modified Eagles medium supplemented with 10% newborn calf serum, 10 mM HEPES and 100 units/ml of penicillin and 100 μg/ml streptomycin (all from Invitrogen, Carlsbad, CA, USA). The N-terminal myc-tagged human MC4R (hMC4R) was described previously \[[@b43]\]. The superpotent agonist of α-MSH, \[Nle^4^, D-Phe^7^\]-α-MSH (NDP-MSH) and the MC4R antagonist AgRP(86--132) were purchased from Peptides International (Louisville, KY, USA). ML00253764 was synthesized by BioMol (Plymouth Meeting, PA, USA). \[^125^I\]-NDP-MSH was obtained from the Peptide Radioiodination Service Center at the University of Mississippi (Dr. R. C. Speth, Director; University, MS, USA).

Site-directed mutagenesis of hMC4R
----------------------------------

Mutant hMC4Rs were generated by site-directed mutagenesis using N-terminal myc-tagged hMC4R as template and the QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA, USA) as previously described \[[@b43]\]. The mutants generated were verified by nucleotide sequencing (performed at The University of Chicago Cancer Research Center DNA Sequencing Facility, Chicago, IL, USA). Plasmids prepared with an IsoPure Maxi Prep kit (Denville Scientific, Metuchen, NJ, USA) were used for transfection.

Plasmid transfection and establishment of non-clonal stable cell lines
----------------------------------------------------------------------

For transient expression of the hMC4Rs, HEK293T cells were plated on gelatin-coated 35-mm six-well plates and transfected with 4 μg of plasmid per well using the calcium precipitation method \[[@b44]\]. The cells were then incubated for 48 hrs before used for radioligand binding and signalling assays. For establishment of non-clonal stable cells, HEK293 cells were plated on gelatin-coated 100-mm dishes and transfected with 10 μg of plasmid per dish as described above. After 24 hrs incubation, the cells were trypsinized and then transferred to T75 flasks in media containing 250 μg/ml geneticin (Research Products International, Mt. Prospect, IL, USA). Selection was continued for 3 weeks. The geneticin-resistant cells were maintained in media containing 250 μg/ml geneticin.

Radioligand binding assay
-------------------------

Cells were washed twice with warm Waymouth's MB752/1 media (Sigma-Aldrich, St. Louis, MO, USA) modified to contain 1 mg/ml bovine serum albumin (BSA) (referred to as Waymouth/BSA). Fresh Waymouth/BSA was added to each well, together with 50 μl of ^125^I-NDP-MSH (∼100,000 cpm) with or without different concentrations of unlabeled NDP-MSH or AgRP(86--132). The total volume in each well was 1 ml. The final concentration of unlabeled ligand ranged from 10^−11^ to 10^−6^ M. After 1 hr incubation, cells were washed twice with cold Hank's balanced salt solution (Sigma-Aldrich) modified to contain 1 mg/ml BSA. Then, 100 μl of 0.5 N NaOH was added to each well. Cells were collected from each well using cotton swabs, and ligand binding was counted in a gamma counter. Maximal binding capacity (Bmax) and IC~50~ values were calculated using Prism software version 4 (GraphPad Software, San Diego, CA, USA).

NDP-MSH stimulation of intracellular cAMP generation
----------------------------------------------------

Transfected cells were washed twice with warm Waymouth/BSA. Then 1 ml of fresh Waymouth/BSA containing 0.5 mM isobutylmethylxanthine (Sigma-Aldrich) was added to each well. After 15 min. incubation, either buffer alone or different concentrations of NDP-MSH were added. The final concentration of the unlabeled ligand ranged from 10^−12^ to 10^−6^ M. After 1 hr incubation, cells were then placed on ice, media aspirated and intracellular cAMP were extracted with 0.5 N percholoric acid containing 180 μg/ml theophylline and measured using radioimmunoassay \[[@b45]\]. All determinations were performed in triplicate. Maximal responses (Rmax) and EC~50~ values were calculated using Prism 4.

Flow cytometry assay of HEK293 cells stably expressing WT or mutant hMC4Rs
--------------------------------------------------------------------------

This assay was performed as described before \[[@b46]\]. Briefly, cells were plated into six-well plates the day before the experiment. On the day of the experiment, cells were washed once with filtered PBS-IH (in mM, consisting of 137 NaCl, 2.7 KCl, 1.4 KH~2~PO~4~ and 4.3 Na~2~HPO~4~\[pH 7.4\]), fixed with 4% paraformaldehyde for 30 min., permeabilized (only for determination of total expression) with 1% Triton-X-100 in PBS-IH for 4 min. and then incubated with blocking solution (5% BSA in PBS-IH) for 1 hr. Cells were then incubated for 1 hr with fluorescein-conjugated 9E10 monoclonal antibody (Affinity Bioreagents, Golden, CO, USA) diluted 1:20 in PBS-IH containing 1 mg/ml BSA. Cells were then washed three times with PBS-IH and assayed with a MoFlo7-color flow cytometer and high-performance sorter (Dakocytomation, Fort Collins, CO, USA). The expression level of the mutant receptors was calculated as a percentage of WT expression using the formula: (mutant-pcDNA3)/(WT-pcDNA3) × 100%.

ML00253764 treatment of the HEK293 cells
----------------------------------------

One million HEK293 cells stably expressing WT or mutant hMC4Rs were plated on gelatin-coated six-well plates and allowed to attach for 24 hrs. Cells were then rinsed three times with Waymouth/BSA before 900 μl of Waymouth/BSA were added to each well together with 100 μl of ML00253764 (10^−4^ M, dissolved first in dimethyl sulfoxide, then diluted in saline containing BSA) or buffer was added to each well to reach a final concentration of 10^−5^ M of the drug. The cells then were cultured for another 24 hrs before assayed for expression and signalling.

Confocal microscopy
-------------------

The day before the experiment, 80,000 HEK293 cells stably expressing WT or mutant hMC4Rs were plated into each well of an eight-well chamber slide (Biocoat cellware purchased from Falcon, Bedford, MA, USA) and cultured for 24 hrs. On the day of the experiment, cells were washed three times with Waymouth/BSA and 450 μl of Waymouth/BSA was added into each well thereafter. Either 50 μl of buffer alone or 50 μl of ML00235764 (10^−4^ M) were added into each well and the cells were then cultured for another 24 hrs. The cells were then washed three times with filtered PBS-IH, fixed with 4% paraformaldehyde for 30 min., and then incubated with blocking solution (5% BSA in PBS-IH) for 1 hr. Cells were then incubated for 1 hr with fluorescein-conjugated 9E10 monoclonal antibody diluted 1:200 in PBS-IH containing 1 mg/ml BSA. After cells were washed twice with PBS-IH, the cover slips were mounted to the slides using Vetashield HardSet(tm) mounting medium (Alexis, San Diego, CA, USA) and the slides were viewed with a Bio-Rad (Bio-Rad, Hercules, CA, USA) confocal microscope. All the steps were performed at room temperature.

Statistical analyses
--------------------

Data were presented as mean ± S.E.M. Statistical analyses were performed with Prism 4. For comparisons on cell surface and total expression of the WT and mutant hMC4Rs and cell surface maximal binding and maximal signalling, one-sample unpaired t-test was used. For comparisons of IC~50~ and EC~50~, a two-sample unpaired t-test was used. Differences with a *P* \< 0.05 were considered statistically significant.

Results
=======

Cell surface and total expression levels of the mutant hMC4Rs
-------------------------------------------------------------

Previous functional studies of the naturally occurring human *MC4R* mutations identified from various patient populations showed that reduced cell surface expression is the most prevalent defect. Therefore, we performed a quantitative analysis of cell surface expression of the mutant hMC4Rs. Flow cytometry assay was used to measure the cell surface expression levels in HEK293 cells stably expressing hMC4Rs tagged at the N terminus with a myc-tag. The cell surface expression of the WT hMC4R was defined as 100%. Six mutants, including R7C, C84R, S127L, W174C, P230L and F261S, had significantly reduced cell surface expression levels compared to the WT hMC4R ([Fig. 2A](#fig02){ref-type="fig"}). The other four mutants, including S136F, A219V, I317V and L325F, had similar cell surface expression level as that of the WT hMC4R ([Fig. 2A](#fig02){ref-type="fig"}).

![Cell surface (A) and total (B) expressions of WT and mutant hMC4Rs stably expressed in HEK293 cells. Establishment of the stable cell lines was performed as described in 'Materials and methods'. Cell surface and total expression levels of the WT and mutant hMC4Rs were quantitatively determined by flow cytometry. The results are expressed as percentage of total or cell surface expression levels of the WT hMC4R. Shown are mean ± S.E.M. of three experiments. Star (\*) indicates significant difference from WT hMC4R (*P* \< 0.05).](jcmm0013-3268-f2){#fig02}

We also measured the total expression levels of the mutant hMC4Rs by flow cytometry because decreased cell surface expression of the mutant hMC4Rs might be caused by either decreased total expression or intracellular retention of the mutant receptors or both. Cells were permeabilized with Triton X-100 and then stained with anti-myc antibody. As shown in [Fig. 2B](#fig02){ref-type="fig"}, three mutants, including R7C, C84R and W174C, had significantly decreased total expression levels compared with the WT hMC4Rs. The other seven mutants had similar total expression levels as the WT hMC4R. Taken together, these data indicated that the decreased cell surface expression of S127L, P230L and F261S hMC4Rs were caused by intracellular retention of the mutant receptors, not decreased total expression. The decreased cell surface expression of R7C, C84R and W174C is partly due to decreased total expression levels of these mutants. From the relative decrease in total and cell surface expression, we conclude that C84R and W174C are also defective in intracellular trafficking.

Ligand binding properties of the mutant hMC4Rs
----------------------------------------------

We further investigated the ligand binding properties of the WT and mutant hMC4Rs using whole-cell binding assays in HEK293T cells transiently transfected with WT or mutant hMC4Rs. Both NDP-MSH and AgRP(86--132) were used to compete with \[^125^I\]-NDP-MSH for binding to the cell surface binding sites. As shown in [Fig. 3A](#fig03){ref-type="fig"} and summarized in [Table 2](#tbl2){ref-type="table"}, four mutants, including S127L, A219V, P230L and F261S, had decreased maximal binding compared to the WT hMC4R. No specific binding could be measured for C84R and W174C. Four mutants, including R7C, S136F, I317V and L325F, had similar Bmax as the WT hMC4R. S136F, F261S and L325F had significantly lower IC~50~s. There was no significant difference in the binding affinities between WT and the other five mutant hMC4Rs. When AgRP(86--132) was used as the competitor, the WT hMC4R had an IC~50~ of 4.16 nM. S127L and A219V had increased IC~50~s for AgRP compared with WT hMC4R whereas S136F and F261S had decreased IC~50~. The other four mutants had similar IC~50~ as the WT hMC4R ([Fig. 3B](#fig03){ref-type="fig"} and [Table 2](#tbl2){ref-type="table"}).

###### 

NDP-MSH binding assay of the WT and mutant hMC4Rs transiently expressed in HEK293T cells. HEK293T cells were transiently transfected with the indicated hMC4R constructs and binding assays were performed as described in 'Materials and methods'. Different concentrations of unlabeled NDP-MSH (A) or AgRP(86--132) (B) were used to displace the binding of \[^125^I\]-NDP-MSH to hMC4Rs on intact cells. Results are expressed as percentage of the maximal binding for WT hMC4R from duplicate determinations within one experiment. Shown are mean ± S.E.M. All experiments were performed at least three times.
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###### 

Ligand binding and agonist-stimulated cAMP response of the WT and naturally occurring mutant hMC4Rs

  hMC4R   *n*   NDP-MSH binding                               NDP-MSH-stimulated cAMP                   *n*                                            AgRP binding IC~50~ (nM)                       
  ------- ----- --------------------------------------------- ----------------------------------------- ---------------------------------------------- ------------------------------------------ --- ----------------------------------------------
  WT      9     13.16 ± 1.91                                  100                                       1.22 ± 0.19                                    100                                        4   4.16 ± 0.70
  R7C     3     12.32 ± 0.99                                  99 ± 3                                    3.06 ± 0.06[‡](#tf2-3){ref-type="table-fn"}    102 ± 4                                    3   3.60 ± 0.36
  C84R    3     N/A                                           N/A                                       8.73 ± 0.43[‡](#tf2-3){ref-type="table-fn"}    20 ± 1[‡](#tf2-3){ref-type="table-fn"}     3   N/A
  S127L   3     14.99 ± 2.57                                  32 ± 2[‡](#tf2-3){ref-type="table-fn"}    1.78 ± 1.07                                    57 ± 3[†](#tf2-2){ref-type="table-fn"}     3   18.25 ± 4.85[‡](#tf2-3){ref-type="table-fn"}
  S136F   3     3.72 ± 0.77[†](#tf2-2){ref-type="table-fn"}   101 ± 9                                   7.61 ± 0.23[‡](#tf2-3){ref-type="table-fn"}    11 ± 1[‡](#tf2-3){ref-type="table-fn"}     3   0.41 ± 0.05[‡](#tf2-3){ref-type="table-fn"}
  W174C   3     N/A                                           N/A                                       14.80 ± 0.35[‡](#tf2-3){ref-type="table-fn"}   31 ± 1[‡](#tf2-3){ref-type="table-fn"}     3   N/A
  A219V   3     20.11 ± 3.55                                  40 ± 3[†](#tf2-2){ref-type="table-fn"}    24.19 ± 1.27[‡](#tf2-3){ref-type="table-fn"}   56 ± 3[†](#tf2-2){ref-type="table-fn"}     3   12.83 ± 0.33[†](#tf2-2){ref-type="table-fn"}
  P230L   3     12.82 ± 1.31                                  62 ± 6[\*](#tf2-1){ref-type="table-fn"}   12.31 ± 0.67[‡](#tf2-3){ref-type="table-fn"}   122 ± 4[\*](#tf2-1){ref-type="table-fn"}   3   4.01 ± 1.09
  F261S   3     2.49 ± 0.94[†](#tf2-2){ref-type="table-fn"}   15 ± 1[‡](#tf2-3){ref-type="table-fn"}    1.48 ± 0.12                                    49 ± 1[‡](#tf2-3){ref-type="table-fn"}     3   1.33 ± 0.59[\*](#tf2-1){ref-type="table-fn"}
  I317V   3     18.44 ± 2.53                                  94 ± 8                                    3.60 ± 0.14[‡](#tf2-3){ref-type="table-fn"}    100 ± 2                                    3   3.56 ± 0.19
  L325F   3     5.12 ± 0.42[†](#tf2-2){ref-type="table-fn"}   92 ± 6                                    2.62 ± 0.06[†](#tf2-2){ref-type="table-fn"}    94 ± 4                                     3   6.17 ± 0.12

Significantly different from WT hMC4R, P \< 0.05.

Significantly different from WT hMC4R, P \< 0.01.

Significantly different from WT hMC4R, P \< 0.001.

Data shown are the mean ± S.E.M. of the number of experiments indicated. The Rmax of WT hMC4R was 948 ± 86 pmol cAMP/10^6^ cells (mean ± S.E.M. of nine experiments). IC~50~ is the concentration of NDP-MSH that is needed to cause 50% inhibition in the binding assay. EC~50~ is the concentration of NDP-MSH that results in 50% stimulation of the maximal response.

Signalling properties of the mutant hMC4Rs upon NDP-MSH stimulation
-------------------------------------------------------------------

To investigate the signalling properties of the hMC4Rs, HEK293T cells transiently transfected with WT or mutant hMC4Rs were stimulated with different concentrations of NDP-MSH, and accumulation of intracellular cAMP was measured. As shown in [Fig. 4](#fig04){ref-type="fig"} and [Table 2](#tbl2){ref-type="table"}, R7C, I317V and L325F had similar Rmax as the WT hMC4R. P230L had a small but significant increase in Rmax compared with the WT hMC4R. The other six mutants had significantly decreased Rmax compared to the WT hMC4R. S127L and F261S had similar EC~50~s as the WT hMC4R. The other eight mutants had increased EC~50~s ([Fig. 4](#fig04){ref-type="fig"} and [Table 2](#tbl2){ref-type="table"}).

![Signalling of the WT and mutant hMC4Rs transiently expressed in HEK293T cells. HEK293T cells were transiently transfected with indicated hMC4R constructs and stimulated with various concentrations of NDP-MSH and intracellular cAMP levels were measured as described in 'Materials and methods'. Results are expressed as the mean ± S.E.M. of triplicate determinations within one experiment and all experiments were performed at least three times.](jcmm0013-3268-f4){#fig04}

Previous studies suggested that loss of basal signalling might be one defect of the receptor in MC4R mutants identified from obese patients \[[@b47]\]. Therefore, we also determined the constitutive activities of the mutants in this study. As shown in [Fig. 5](#fig05){ref-type="fig"}, when compared with the WT hMC4R, S127L and P230L had significantly increased constitutive activities, whereas W174C and A219V had significantly decreased constitutive activities. The other six mutants had similar constitutive activities as the WT hMC4R ([Fig. 5](#fig05){ref-type="fig"}).

![Basal activities of the WT and mutant hMC4Rs. The basal activities of WT and mutant hMC4Rs were assessed by measuring intracellular cAMP levels in HEK293T cells transiently expressing WT or mutant hMC4Rs without hormone stimulation. The results are expressed as percentage of basal cAMP level of WT hMC4R-expressing HEK293T cells. Shown are mean ± S.E.M. of three or more experiments. The basal cAMP level in the WT hMC4R was 181.9 ± 76.9 pmol/10^6^ cells (mean ± S.E.M. of six experiments). Star (⋆) indicates significant difference from WT hMC4R (*P* \< 0.05).](jcmm0013-3268-f5){#fig05}

Amino acid requirement at codon 136 of the hMC4R for receptor function
----------------------------------------------------------------------

Data presented above showed that S136F had normal total and cell surface expression and ligand binding. However, it does not exhibit any signalling. To gain a better understanding of the side-chain requirement at codon S136 of hMC4R for NDP-MSH signalling, we generated six additional mutants, including replacing the serine with hydrophobic amino acids such as alanine and leucine, polar amino acids such as threonine, tyrosine and cysteine, and charged amino acids such as aspartate and arginine. These mutants were expressed in HEK293T cells and ligand binding and signalling properties of the mutants were measured. As shown in [Fig. 6A](#fig06){ref-type="fig"} and [Table 3](#tbl3){ref-type="table"}, all seven mutants had normal Bmax compared to the WT hMC4R (S136D even had a small but significant increase in Bmax). Except for S136R and S136T that had significantly higher IC~50~s, the other five mutants had similar IC~50~s as the WT hMC4R. All mutants can signal in response to NDP-MSH stimulation. S136L had a small but significant increase in Rmax. However, the maximal responses were decreased in S136A, S136C and S136R mutants ([Fig. 6B](#fig06){ref-type="fig"} and [Table 3](#tbl3){ref-type="table"}). Four mutants, including S136A, S136L, S136R and S136Y, had significantly increased EC~50~s compared to the WT MC4R, whereas S136C, S136D and S136T had normal EC~50~s ([Table 3](#tbl3){ref-type="table"}).

![Ligand binding (A) and signalling (B) properties of multiple mutants at S136. HEK293T cells were transiently transfected with indicated hMC4R constructs and binding assays and cAMP response were performed as described in 'Materials and methods'. Results are expressed as the mean ± S.E.M. of duplicate (for binding assay) or triplicate determinations (for cAMP response) within one experiment and all experiments were performed at least three times.](jcmm0013-3268-f6){#fig06}

###### 

Ligand binding and agonist-stimulated cAMP response of the WT hMC4R and S136 mutants

  hMC4R   *n*   NDP-MSH binding                                 NDP-MSH-stimulated cAMP                                                                  
  ------- ----- ----------------------------------------------- ----------------------------------------- ---------------------------------------------- -------------------------------------------
  WT      4     25.21 ± 0.35                                    100                                       1.50 ± 0.60                                    100
  S136A   4     24.84 ± 3.60                                    108 ± 10                                  8.06 ± 2.11[\*](#tf3-1){ref-type="table-fn"}   77 ± 8 [\*](#tf3-1){ref-type="table-fn"}
  S136C   4     37.37 ± 6.26                                    116 ± 8                                   1.07 ± 0.40                                    37 ± 7†
  S136D   4     26.74 ± 8.65                                    132 ± 6[†](#tf3-2){ref-type="table-fn"}   2.85 ± 0.54                                    87 ± 5
  S136L   4     21.91 ± 3.79                                    103 ± 5                                   10.38 ± 2.30†                                  129 ± 10[\*](#tf3-1){ref-type="table-fn"}
  S136R   3     151.80 ± 7.01[‡](#tf3-3){ref-type="table-fn"}   97 ± 4                                    10.73 ± 0.71[†](#tf3-2){ref-type="table-fn"}   40 ± 5[†](#tf3-2){ref-type="table-fn"}
  S136T   4     43.77 ± 5.64[\*](#tf3-1){ref-type="table-fn"}   116 ± 7                                   2.45 ± 0.91                                    116 ± 7
  S136Y   4     43.64 ± 9.26                                    104 ± 6                                   7.98 ± 1.46[†](#tf3-2){ref-type="table-fn"}    85 ± 11

Significantly different from WT hMC4R, P \< 0.05.

Significantly different from WT hMC4R, P \< 0.01.

Significantly different from WT hMC4R, P \< 0.001.

Data shown are the mean ± S.E.M. of the number of experiments indicated. The Rmax (maximal response) was 1225 ± 88 pmol cAMP/10^6^ cells (mean ± S.E.M. of four experiments). IC~50~ is the concentration of NDP-MSH that is needed to cause 50% inhibition in the binding assay. EC~50~ is the concentration of NDP-MSH that results in 50% stimulation of the maximal response.

Functional rescue of C84R and W174C hMC4Rs
------------------------------------------

Our data presented above showed that C84R and W174C had minimal cell surface expression. Their ligand binding was undetectable although both mutants retained some residual signalling. To investigate whether small molecule MC4R ligands can act as pharmacological chaperones, we studied the effect of ML00253764 on the cell surface expression of these two mutant receptors. Cells stably transfected with the empty vector pcDNA3.1 were used as the negative control. HEK293 cells stably expressing WT, C84R or W174C hMC4Rs were treated with 10^−5^ M ML00253764 for 24 hrs. Confocal microscopy and flow cytometry were then performed. As shown in [Fig. 7A](#fig07){ref-type="fig"}, the cell surface expression levels of both mutants were increased after ML00253764 treatment. Quantitative measurement by flow cytometry revealed that after treatment with ML00253764, the cell surface expression levels of C84R and W174C were increased to ∼35% of that of the untreated WT hMC4R ([Fig. 7B](#fig07){ref-type="fig"}). The cell surface expression of the WT hMC4R was also increased to ∼152% after ML00253764 treatment.

###### 

Pharmacological rescue of C84R and W174C by ML00253764. HEK293 cells stably expressing WT, C84R or W174C hMC4Rs or empty vector pcDNA3 were incubated with 10^−5^ M ML00253764 for 24 hrs. Cells were then stained with anti-myc antibody and visualized with a confocal microscope (A), or sorted with flow cytometry (B) to quantitatively measure cell surface expression. Cell surface expression of WT hMC4R treated with vehicle was set as 100%. In (A), the constructs transfected were WT (A1 and A2), C84R (A3 and A4), W174C (A5 and A6), and pcDNA3 (A7 and A8). A1, A3, A5, and A7 were treated with vehicle; A2, A4, A6 and A8 were treated with ML00253764. In (C), cells were stimulated with 10^−6^ M NDP-MSH and intracellular cAMP accumulation measured by RIA. Cyclic AMP generated by WT hMC4R treated with vehicle and stimulated with NDP-MSH was set as 100%. Star (⋆) indicates significant difference from corresponding vehicle treated controls (*P* \< 0.05).

![](jcmm0013-3268-f7)
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To investigate whether the rescued mutants were functional, the cells were stimulated with 10^−6^ M NDP-MSH. Intracellular cAMP accumulation was measured. As shown in [Fig. 7C](#fig07){ref-type="fig"}, after treatment with ML00253764, the rescued mutants were functional. Cyclic AMP generation was increased to up to 80% of that of the maximal signalling generated by the WT hMC4R treated with vehicle.

Discussion
==========

Mutations in the *MC4R* gene were identified as a cause for obesity in 1998 \[[@b8], [@b9]\]. Since then, studies from numerous groups have identified about 130 distinct mutations in the coding region of the *MC4R* gene from both obese and normal weight persons. Based on the life cycle of GPCRs and modelled after low-density lipoprotein receptor and cystic fibrosis transmembrane conductance regulator \[[@b48], [@b49]\], we proposed that mutations in the MC4R could be divided into five classes \[[@b43]\]. The class I mutants are defective in receptor biosynthesis. The class II mutants are synthesized but are defective in trafficking onto the cell surface. The class III mutants can be synthesized and transported onto the cell surface normally. However, they are defective in ligand binding. The class IV mutants are defective in signalling but with normal cell surface expression and ligand binding. Mutants that are normal in cell surface expression, ligand binding and signalling are class V mutants.

In this study, we functionally characterized 10 hMC4R mutants. According to our classification scheme described above, R7C is a class I mutant, C84R, S127L, W174C, P230L and F261S are class II mutants, A219V is a class III mutant, S136F belongs to class IV, I317V and L325F are class V mutants.

R7C was previously shown to have normal cell surface expression and slightly decreased cAMP response upon stimulation by NDP-MSH \[[@b21]\]. We observed a similar but statistically significant decrease in maximal response ([Fig. 4](#fig04){ref-type="fig"} and [Table 2](#tbl2){ref-type="table"}). Its total expression was decreased; therefore, a class I mutant. S127L, was identified independently in several studies \[[@b23], [@b50], [@b51]\]. Previous reports showed that S127L is normal in cell surface expression \[[@b23], [@b50]\] whereas its cAMP response is impaired with decreased Rmax and increased EC~50~ upon stimulation by either α-MSH \[[@b23], [@b50], [@b51]\], β-MSH \[[@b51]\] or γ~1~-MSH \[[@b51]\]. In our experiments, S127L had a significantly decreased Rmax with normal EC~50~. Importantly, although it had normal total expression, S127L had decreased cell surface expression compared to the WT hMC4R. Thus, S127L is a class II mutant. W174C and I317V hMC4Rs were identified from severely obese Italian adults and were not functionally characterized \[[@b25]\]. We showed that W174C had a significantly decreased total expression compared to the WT hMC4R and undetectable cell surface expression ([Fig. 2](#fig02){ref-type="fig"}). No ligand binding and cAMP response could be detected ([Figs 3](#fig03){ref-type="fig"} and [4](#fig04){ref-type="fig"}). In contrast, the cell surface expression, ligand binding and cAMP response of I317V are similar to the WT hMC4R. Its total expression is even higher than that of the WT hMC4R. Therefore, I317V might represent a rare polymorphism with no overt functional defect.

Functional studies of Hinney and colleagues showed that P230L is a constitutively active mutant with increased Rmax and decreased EC~50~ upon stimulation by α-MSH \[[@b23]\]. We confirmed that P230L is constitutively active. We further showed that P230L had significantly decreased cell surface expression, with a corresponding decrease in Bmax. Its total expression was normal. Therefore, P230L is defective in intracellular trafficking and a class II mutant. F261S was identified from obese Chinese and preliminary characterization showed that it has decreased Rmax and increased IC~50~\[[@b27]\]. Intracellular retention of the mutant receptor was recently reported \[[@b52]\]. Our data are consistent with these observations. Furthermore, we showed that the cell surface expression of F261S was significantly decreased to 35% of that of the WT hMC4R, although the total expression is similar to the WT hMC4R. Corresponding decreases in Bmax and Rmax were observed whereas the IC~50~ and EC~50~ were not significantly altered. Thus, F261S is also defective in intracellular trafficking, hence a class II mutant. Mutants A219V and L325F were identified from German patients \[[@b26]\]. Using NDP-MSH as the ligand, we showed that A219V had significantly decreased maximal binding, although its cell surface and total expression levels were similar to the WT hMC4R ([Fig. 2](#fig02){ref-type="fig"}). The decreased Bmax resulted in significantly decreased Rmax as well as a 10-fold increase in EC~50~ compared to the WT hMC4R ([Figs 3](#fig03){ref-type="fig"} and [4](#fig04){ref-type="fig"}, [Table 2](#tbl2){ref-type="table"}). Therefore, A219V is a class III mutant. L325F were relatively normal in both binding and signalling, a class V mutant, different from the results obtained by Larsen and colleagues \[[@b26]\].

Mutant S136F was reported as a loss-of-function mutant with normal cell surface expression \[[@b24]\]. Our data are consistent with these observations. We further showed that total expression and ligand binding properties of S136F were also normal compared to the WT hMC4R. Therefore, S136F is a class IV mutant. A recent study reported similar data \[[@b53]\]. Multiple mutagenesis experiments showed that S136 is important for signalling. Mutations into alanine, cysteine and arginine, resulted in decreased maximal response, whereas mutations into cysteine, leucine, arginine and tyrosine, resulted in increased EC~50~s ([Fig. 6](#fig06){ref-type="fig"} and [Table 3](#tbl3){ref-type="table"}). Tan and colleagues showed that mutation of S136 into proline resulted in decreased cell surface expression, with corresponding decreases in Bmax and Rmax \[[@b53]\].

Vaisse and colleagues suggested that loss of constitutive activity might be one cause of obesity in *MC4R* mutation carriers \[[@b47]\]. In the current study, we measured the constitutive activities of the 10 mutants. W174C and A219V had decreased constitutive activities, whereas S127L and P230L had significantly increased constitutive activities ([Fig. 5](#fig05){ref-type="fig"}). The reason for the association of increased constitutive activity with obesity is unclear (reviewed in \[[@b54]\]). It might be argued that S127L and P230L cause obesity due to decreased cell surface expression and maximal binding; S127L also had decreased maximal response. We also noticed a disconnect between constitutive activity and maximal response. For example, C84R and F261S had significantly decreased Rmax but normal basal activities. S127L had increased basal activity but decreased Rmax. Similar observations were observed before. For example, in the follitropin receptor, we showed that L460R mutation causes constitutive activation but no response to follitropin stimulation \[[@b55]\]. These results support the currently accepted dogma that GPCRs exist in a myriad of conformations, including constitutively active and ligand-induced/stabililized active conformations \[[@b56]\].

Previous studies from several groups, including ours, revealed that a significant proportion of the MC4R mutants identified from obese patients result in defective cell surface expression (class II mutants) (reviewed in \[[@b17], [@b20]\]). To investigate whether small molecule MC4R ligands could act as pharmacological chaperones rescuing the MC4R mutants to the cell surface, we tested the effect of treatment with ML00253764. Our results demonstrated clearly that treatment of cells stably expressing C84R and W174C with ML00253764 increased the cell surface expression of the mutant receptors ([Fig. 7A](#fig07){ref-type="fig"} and B). We then tested the functions of the rescued mutants. Both mutants had robust signalling, amounting to 80% of the signalling elicited by WT hMC4R treated with vehicle ([Fig. 7C](#fig07){ref-type="fig"}). Importantly, cells stably expressing WT hMC4R had increased cell surface expression after ML00253764 treatment. The maximal signalling was not increased in these cells, perhaps due to the fact that some ML00253764 molecules were still in the cells, partially antagonizing the binding and hence stimulation elicited by NDP-MSH. This is supported by the fact that we could not perform ligand binding studies in these cells using NDP-MSH as the radioligand (data not shown). If indeed pharmacological chaperones such as ML00253764 can increase the expression and signalling of the WT hMC4R in neurons, they could be used as a therapeutic strategy for treating obese patients without *MC4R* mutations. Because ML00253764 treatment increased cell surface expression of WT hMC4R, it can be concluded that WT hMC4R maturation is not optimal even in stably transfected cells (which is more favourable than in transiently transfected condition \[[@b57]\]). This is not uncommon. It is well known that the maturation of GPCR is rate limiting in many receptors (reviewed in \[[@b58]\]). A caveat is that these studies were done in HEK293 cells. Similar studies need to be done in neuronal cells (*in vitro*) and in transgenic animals expressing the mutant receptors (*in vivo*). These are the future directions of our studies.

In summary, we performed detailed functional characterization of 10 MC4R mutations recently identified from obese patients. Furthermore, we showed that a small molecule MC4R antagonist could act as a pharmacological chaperone, rescuing mutant MC4Rs to the cell surface. The rescued mutants were functional. We speculate that pharmacological chaperone might be a novel therapeutic approach for treating obesity caused by *MC4R* mutations resulting in intracellularly retained receptors. Because it can also increase the cell surface expression of the WT hMC4R, it might also be used for treating common obesity by increasing the cell surface expression of the WT hMC4R.
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